The J \ 1/2È3/2 and 3/2È5/2 Ðne-structure transitions in the atomic ion Fe`in its ground 6D state have been detected in the laboratory by far-infrared laser magnetic resonance at 87 and 51 km. The Ðne-structure intervals have been measured accurately by extrapolation to zero magnetic Ðeld as 3430.7762 (19) and 5843.7984 (12) GHz, respectively.
INTRODUCTION
The lowest electronic conÐguration of Fe`is 3d64s1, which gives rise to an inverted 6D ground state ; the levels of this state are shown in
The Ðne-structure tran- Figure 1 . sitions fall in the far-infrared region of the spectrum, with wavelengths for the successive intervals of 25.99, 35.35, 51.30, and 87 .38 km (the Ðrst of these intervals is J \ 7/2È 9/2 and so on). So far these intervals have only been measured indirectly from optical spectra, with an uncertainty of a few hundred megahertz & Sugar In this (Corliss 1982) . paper, we report the direct laboratory observation of the J \ 3/2È5/2 and 1/2È3/2 Ðne-structure transitions which are magnetic dipole in character. The observations were made by laser magnetic resonance (LMR) in the far-infrared and yield accurate transition frequencies of 5843798.4^1.2 MHz and 3430776.2^1.9 MHz.
Atomic Ðne-structure transitions are useful probes of the local physical conditions in various astrophysical situations. For example, the Ðne-structure transitions in C( 2P) at 158 km and in N`(3P) Simpson (1996) . vations suggest that the dominant mechanism of excitation of the line-emitting gas in "" active ÏÏ galaxies is through photoionization of material with normal ISM abundance.
EXPERIMENTAL DETAILS
The LMR spectrometer used in this work has been described elsewhere et al. and the details are (Sears 1982), not repeated here. As described in earlier papers on atomic Ðne-structure transitions Zink, & Evenson (Brown, 1994a) , we have recently increased its sensitivity by raising the modulation frequency from 13 to 40 kHz. In addition, we have modiÐed the spectrometer to enhance its performance at wavelengths shorter than 100 km by reducing the inside diameter of the polished copper laser-pump tube from 50.8 to 19.1 mm (from 2 to inches). This provides much better 3 4 overlap between the pumped lasing gas and the far-infrared radiation Ðeld within the laser cavity, permitting many more short-wavelength laser lines to oscillate. In particular, we have used one such line of to study the J \ CD 3 OH 3/2È5/2 Ðne-structure transition in Fe`. This line at 51.5 km has not been reported previously, but it lases readily in the new arrangement. In order to use it in the study of Fe`, we have determined its frequency by measuring the beat frequency when mixed with a pair of laser frequencies CO 2 in a metal-insulator-metal (MIM) diode. The result is as follows :
pump 10R (56), j \ 51.48 km, CD 3 OH l \ 5823660.9^0.7 MHz. This frequency lies about 20 GHz below that of the J \ 3/2È5/2 transition in Fe`and is well within the tuning range of our magnet (maximum Ñux density of 2.1 T). The J \ 1/2/È3/2 transition occurs at lower frequencies but also requires short-wavelength laser lines, below 100 km. The transition has been detected with two laser lines at 86.74 and 86.24 km, both of which have been frequency measured previously (Douglas 1989) .
The Fe`atoms were generated in the gas phase by using the same microwave discharge source as we used to form N`ions (see et al.
The discharge was run Brown 1994b). through ultraÈhigh-purity helium at 133 Pa (1 Torr) with a small amount of iron pentacarbonyl vapor, Fe (CO) 5 , added ; the optimum pressure of the Fe was 0.13 Pa (CO) 5 (1m Torr).
RESULTS, ANALYSIS, AND DISCUSSION
The LMR spectra associated with the J \ 1/2È3/2 and J \ 3/2È5/2 Ðne-structure transitions of Fe`in its ground 6D state have been recorded. The energy-level scheme is shown in
The Lande g-factors decrease with Figure 1 . increasing J-value. It is therefore possible to detect transitions in both parallel and perpendicular (B laser p B lab ) polarizations. However, the parallel tran-(B laser o B lab ) sitions, with tune more slowly, too slowly in fact *M J \ 0, for us to be able to detect them with the laser lines used in these experiments. Examples of some of the spectra recorded in absorption are shown in ( J \ 1/2È3/2) and (1986) . observations depend directly on Ðve parameters, the Ðne-structure intervals for J \ 1/2È3/2 and 3/2È5/2 and the three g-factors for the levels J \ 1/2, 3/2, and 5/2. Values for these Ðve parameters have been determined in the Ðt of the six measurements listed in
The results are given in Table 1 . together with the other parameters in the model Table 2 , which were constrained in the Ðt. The values for the Ðve determined parameters are consistent with those determined previously from optical measurements but are more accurate ; see It turns out that for Fe`(and Fe) Table 2 . atoms, some extremely accurate measurements of the ultraviolet spectrum have been made recently by Fourier transform spectrometry et al. The purpose of these (Nave 1991). measurements was to provide improved calibration standards in this region of the spectrum ; the relative precision of the measurements is 3 ] 10~8, and the estimated absolute accuracy is 0.002 cm~1 or 60 MHz. We have used these measurements to determine the Ðne-structure intervals for Fe`. The values, which are also given in are in Table 2 , remarkably good agreement with our direct measurements. The g-factors of Fe`were known only approximately before so, even though there are limitations to the accuracy with which we can measure them by FIR LMR spectroscopy Zink, & Evenson we have been able to (Brown, 1998) , improve on them. It is interesting to note that the values 3.33623(31) 3.31b, 3.333e g J/3@2
1.86753(10) 1.862b, 1.867e g J/5@2
1.65772 (20) 1.655b, 1.657e g J/7@2
1.58b,d, 1.587e g J/9@2
1.58b,d, 1.556e
a Number in parentheses represents 1 p uncertainty estimates, in units of the last quoted decimal place. estimated from the Lande g-factor formula agree better with the present measurements than do the old experimental values (see also Table 2 ).
We hope that the accurate measurements of the J \ 1/2È 3/2 and J \ 3/2È5/2 Ðne-structure intervals in Fe`at 87.4 and 51.3 km will be of use for the detection of this atomic ion in a wider range of astrophysical sources. However, it is desirable to measure the higher frequency Ðne-structure intervals as well because they will probably be more useful for astronomical purposes. These transitions involve the lower spin components with a greater population factor (see and they have larger Einstein A-coefficients because Fig. 1) , of the l3 factor. The Einstein A-coefficients for the four Ðne-structure transitions are given in In principle, Table 3 . the higher frequency intervals can also be measured in an LMR experiment. However, they lie outside the range of our photoconductive detector as conÐgured at present, and appropriate far-infrared laser lines would need to be discovered before the experiment could be attempted. The Einstein B-coefficient is a better measure of laboratory line strength ; at far-infrared wavelengths, the absorption intensity is proportional to
The values for and for l2B ij . B ij l2B ij the four Ðne-structure transitions of Fe`are also given in Table 3 .
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